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ABSTRACT 

To obtain a physically well-motivated definition of superciusters, we proposed in our previous work to select superciusters with an 
overdensity criterion that selects only those objects that will collapse in the future, including those that are at a turn-around in the 
present epoch. In this paper we present numerical values for these criteria for a range of standard cosmological models. We express 
these criteria in terms of a density ratio or, alternatively, as an infall velocity and show that these two criteria give almost identical 
results. To better illustrate the implications of this definition, we applied our criteria to some prominent structures in the local Universe, 
the Local supercluster, Shapley supercluster, and the recently reported Laniakea supercluster to understand their future evolution. We 
find that for the Local and Shapley superciusters, only the central regions will collapse in the future, while Laniakea does not constitute 
a significant overdensity and will disperse in the future. Finally, we suggest that those superciusters that will survive the accelerating 
cosmic expansion and collapse in the future be called “superstes-clusters”, where “superstes” means survivor in Latin, to distinguish 
them from traditional superciusters. 
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1. Introduction 


Superciusters are the largest prominent density enhancements in 
our Universe. In the framework of hierarchical structure forma¬ 
tion, superciusters are the next objects up from clusters, but un¬ 
like clusters, they are not virialised. They are generally defined 
as groups of two or m ore galaxy clu sters above a certain spatial 
density enhancement (lBahcalllll988l) . In this sense superciusters 
have mostly been treated just as a collection of clusters. With¬ 
out a clear definition, we are left with structures with heteroge¬ 
neous properties. Unlike clusters, superciusters have not reached 
a quasi-equilibrium configuration that defines their structure. As 
we observe them today, they are transition objects that largely re¬ 
flect their initial conditions. In contrast, clusters can be approxi¬ 
mately described by their equili brium configuration, as given by, 
for example, the NEW model dNavarro et al.lll9^ . Even dis¬ 
turbed and merging clusters are characterised by their deviations 
from this model. 


For transition objects like superciusters, such a description is 
possible. One solution to this problem is to include the fu¬ 
ture evolution in the definition of the object, selecting only those 
superciusters that will collapse in the future in a more homoge¬ 
neous class of objects. T here have been attem pts to explore this 
definition in simulations dDiinner et al.ll200^ . We have been ex¬ 
ploring a similar approach observ ationally in our constru ction 
of an X-ray supercluster catalogue dChon et al.ll2013Ll2014t) . We 
selected the superciusters from the X-ray galaxy cluster distri¬ 
bution by means of a friends-of-friends (fof) algorithm in such 
a way that we expect the superciusters to have their major parts 
gravitationally bound and to collapse in the future. We found that 
we obtain a good understanding of the properties of our super¬ 
cluster sample, and we can recover many of the known super- 
clusters described in the literature in our survey volume. 


This selection is found to be slightly more conservative by 
not linking all the surrounding structure to the superciusters, 
which are linked to these objects in some other works. In other 
cases, such as for the Shapley supercluster, large structures are 
split into substructures. But overall the sample has good prop¬ 
erties. Thus we find our method not only physically well moti¬ 
vated, but also appealing in selecting the structures that appear 
observationally distinct and prominent. To distinguish objects 
selected by our definition from the general usage of the word su¬ 
perciusters, we suggest that those systems be called “superstes- 
clusters”, relating to the Latin word superstes, which means sur¬ 
vivor. Considering origins, superciusters were first studied at the 
time when most cosmologists favoured a marginally closed Uni¬ 
verse in which all overdense regions would eventually collapse. 
It came with the general acceptance of a re-accelerating Uni¬ 
verse that this concept of future collapse needed to be revised. 
We prefer using a new term over redefining the word superclus¬ 
ter, out of respect for the previous studies that were done with a 
less strict definition. 


It is our goal with this paper to explore this definition of su¬ 
perciusters and its consequences in some more detail. In partic¬ 
ular, we provide numerical values for the selection criteria for 
various cosmologies. So far, we have based our selection crite¬ 
rion on the matter overdensity, which is motivated by our X-ray 
cluster observations. In theory, on large scales where the dy¬ 
namics is dominated by gravity, observations of velocity fields 
should closely reflect the dynamical evolution of structures and 
the underlying mass distribution. The velocity held also does 
not suffer from the bias that clusters and, to an extent, galax¬ 
ies have. As a result, the dynamical information may provide a 
better bas is for predicting the future evolution of the large-scale 
structure ( ZeTdo vichll 97(31: IShandarin & Zeldovichll9^ : lDekel 


ll994l : IZaroubi et ^ 1999h . Therefore we also explore the selec- 
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tion criteria in terms of the infall velocity. In our case we expect 
a close correspondence between the overdensity and the stream¬ 
ing motions, since the large-scale structure at the scale of super¬ 
clusters is still in the quasi-linear regime of structure formation. 
Nevertheless, we test the correspondence between the two de¬ 
scriptions in the paper. 

We lay out our concept and explain the criterion in Sec. 2. In 
Sec. 3 we illustrate the concept by three applications and Sec. 4 
provides discussion and summary. 

2. Theoretical concept 

To study which primordial overdensities will finally collapse, 
we approximate the overdense regions by spheres with homo¬ 
geneous density. This approximation has been successfully used 
for many similar investigations. We can then model the evolu¬ 
tion of the overdensity with respect to the expansion of the back¬ 
ground cosmology with reference to Birkhoff’s theorem. This 
allows us to describe the evolution of both regions, overdensity 
and background, by the respective values of the local and global 
parameters of Hubble constant, H, matter density, Q,„, and the 
parameter corresponding to the cosmological constant, Qa. 

We calculate the evolution of the local and the global regions 
by integrating the Friedmann equation for their dynamical evo¬ 
lution. We use z = 500 as the starting point of our integration, 
since we have found that with this starting redshift, the hnal re¬ 
sults have an accuracy well below 1%. To find the starting values, 
we find the relevant cosmological parameters mentioned above 
for the background cosmology at z = 500. We then define an 
overdense region by increasing Q,„ so that we hnd a collapsed 
region in the future, which is solved iteratively. 

In comparison with the structures seen today, we are inter¬ 
ested in the following properties of these marginally collapsing 
objects, which should be observable. What are their typical mat¬ 
ter overdensities in the current epoch? What is the Hubble pa¬ 
rameter that characterises their current, local dynamical evolu¬ 
tion? These parameters will depend on the characteristics of the 
background cosmology. We have therefore calculated the den¬ 
sity and expansion parameters for collapsing overdensities in a 
set of relevant cosmologies. We assumed a flat cosmology, with 
Q,„ + Qa = 1 for most models with the exception of one example 
for an open cosmology. Amon gst the models shown are the best- 
ht results from the PLANCK (|Pl anck Collaboration et anil2014l) 
and WMAP dHinshaw et alJl^l3^ missions. 

The parameters shown in Table lA.ll are the density ratio of 
the overdensity to the background density, R = Pov/Pm, the pa¬ 
rameter characterising the homogeneous expansion of the over- 
dense sphere given in form of a Hubble parameter, Hqv, and the 
overdensity of the local region with respect to the critical den¬ 
sity, Pc, of the Universe, = (pov - Pc)IPc- The results show 
that while the density ratio varies with the matter density in the 
background universe, the overdensity parameter with respect to 
critical density hardly changes. Changing the Hubble constant 
does not alter the nature of the solution. The parameters, R and 
Ac, stay constant, while the local expansion parameter, Hqv, only 
scales with the Hubble parameter of the background cosmology. 
Therefore we show only one example for the change in the pa¬ 
rameters with the Hubble constant. 

Another interesting characterisation for superclusters are 
those structures that are at turn-around now. These structures 
have decoupled from the Hubble flow already and are at rest 
in the Eulerian reference frame so are just starting to collapse 
now. Here the local Hubble parameter is zero by dehnition. The 
Einstein-de Sitter(EdS) model with the parameter, Q,„ - 1.0, 


yields a value of Ac = {'injAf' - 1 ~ 4.55, which can also be 
calculated analytically. 

2.1. Comparison of overdensity and dynamicai criteria 

The threshold parameters for collapse given in Table lA.ll are 
only valid for spherically symmetric overdensities, which are 
reasonable approximations for realistic overdensities. As de¬ 
scribed in the previous section, the velocity field provides 
a better basis for predicting the future evolutio n of a large- 
scale structure than does the density distribution (lDekell[r994 
IZaroubi et alJll99^ . Also in observations, the density distribu¬ 
tion of objects has to be corrected for their large-scale structure 
bias, which is not necessary for evaluating the velocity field. 
However, in current astronomical observations, peculiar velocity 
data are only available for the very local region of the Universe, 
and for most other applications, we only have estimates of over¬ 
density. Therefore it is important to test how well our criteria that 
are based on the overdensity argument correspond to those on the 
velocity information for realistic supercluster morphologies. 

E or this reason we use d the cosmological N-body simula¬ 
tions (ISpringel et al.ll2()()5li to compare the radius inside which 
the structure is predicted to collapse based on the overdensity, 
ta, to that of the infall velocity, for 570 superstes-clusters. Eor 
the details of the constr uction of the superc lusters in simulations, 
we refer the readers to IChon et al.l (l2014l) . The value of ta was 
taken at the radius where the density ratio reaches the thresh¬ 
old value for collapse, and is defined as the radius where the 
required infall velocity is reached. The latter radius marks the 
largest distance within which, on average, the infall velocities of 
all haloes are detached from the Hubble flow with the local ex¬ 
pansion parameter prescribed in the previous section. The very 
close correspondence between the two predictions are shown in 
Eig.lAT] 

We only have five pathological cases, where the collapse 
overdensity is only reached once away from the centre, while 
the infall pattern never reaches the required threshold. These are 
the cases where the most massive structures are concentrated not 
at the centre of the supercluster, but near the radius, r,,, and be¬ 
yond. In these cases the velocity pattern is very different from a 
smooth radial infall, and the supercluster is most probably frag¬ 
mented into two or more massive substructures near the super¬ 
cluster boundary in the future. We And it as a very strong en¬ 
couragement for our approach, where the two alternative criteria 
usually give very similar results. The good correspondence is 
also a confirmation that structure evolution on the scale of su¬ 
perclusters is still in the quasi-linear regime. 


3. Applications 

In this section we illustrate the implications of our superstes- 
cluster definition with respect to some of the known superclus¬ 
ters. The homogeneous sphere approximation only gives a rough 
estimate of the collapse situation. More detailed solutions have 
to take the morphology and substructure of the systems into ac¬ 
count, which has actually been done for some of the cases be¬ 
low. Both criteria listed in Table IaTTI the overdensity and the 
peculiar infall velocity, can be used for such a first estimate. 
The aim of the following discussion is therefore only an ap¬ 
proximate application of the suggested criteria for illustration. 
We use parameters for the cosmological model with Q,„=0.3 and 
Ho=70 km s ' Mpc 'for the considerations below. 
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3.1. Local supercluster and Virgo Infall 


3.2. Lanlakea 


The Local supercluster is a high concentration of mat¬ 
ter roughly centred on the Virgo cluster, which includes 
the Milky Way and th e Local Group i n the outski rts. It 
was first described by Ide VaucouleursI (I1953L Il958h . De¬ 
tailed studies found the system to be mostly concentrated 
in an elongated filam en t that ext ends about 40 /i~^Mpc, 
e.g. iTullv & Fisheii ( 1978h. i Karachentse v & MakarovI 
(Il996li . iLahavetaLl (l2000l) . iKlvnin et ain200.3h . The Lo- 


cal Group is at a distance of about 16 to 17 Mpc from Virgo, 
and it shows a peculiar infall velo city towards t he V irgo 
cluster of ab out 220 + 30 km s“' (ISandage et al.l l2010h or 
~ 250 km s ' (iKlvpin et alj|2003l) . 


Applying the peculiar velocity criterion for future collapse, 
we find the following. The necessary peculiar infall velocity at 
a certain distance from the centre of the supercluster is given by 
the difference of the local to the background Hubble parameters 
multiplied by the distance, in our case d x 49.5 kms^' Mpc“*. 
Thus at the distance of the Local Group, a peculiar infall ve¬ 
locity of about 800 km s ' would be required. Therefore the 
Local Group will recede from the Local supercluster in the dis¬ 
tant future. This has been concluded in several previous works, 
an d it has been shown, for example, by N-body simulations 
by iNagamine & Loelj (l2003h based o n a numerica l const raint 
reconstruction of the local Universe bv iMathis et alJ (l2002l) . In¬ 
specting t he velocity flow pa t terns of the Local superc luster 
shown in Kl^giney^ (l2003h . iTullv & Mohavae^ (l2004li . and 


ICourtois & Tullvl i 2012^ . we find that only inside 10 Mpc infall 
velocities up to 500 km s ' seem to occur, reaching the lower 
limit for a collapse. We can also use the estimate of the infall 
velocity profile from the con s traint reconstruction of the Local 
supercluster by iKlvnin et alJ (l2003h to find the outermost col¬ 
lapsing shell of the supercluster. They approximate the mean in¬ 
fall pattern by v = 145 (13 h“'Mpc/r)'^^ km s“'. With this pre¬ 
scription we find that only the regions inside about 5.5 Mpc will 
collapse in the future. 


We can also use the spherical collapse model to obtain a mass 
estimate of the Virgo cluster and its surroundings from the pe¬ 
culiar velocity of the Milky way towards the Virgo clu ster of 
~250 km s'. When assuming a Virgo distance of 16 Mpc (iTonrvI 
Il99lh . the infall peculiar velocity corresponds to a local Hub¬ 
ble parameter of ~54.5 km s ' Mpc 'for a homogeneous sphere 
with its centre at the Virgo distance. An integration of the Fried¬ 
mann equations for our fiducial cosmology infers a ratio of 
the local overdensity to the cosmic mean of about 2.6. This 
translates into a mass of Virgo and surroundings inside a ra- 
dius of 16 Mpc of 1.8 X lO'^ Mq. ITullv & Mohavaed (l2004li 
get a mass of 1.2x10'^ M© from fitting the infall pattern, 
which probably gives most weight t o the measurement at a 
slightly smaller radius. IKlvnin et al.l (l2003h obtain a mass of 
~ lO'^ M© for Virgo and the central filament of the local su- 
perclust er from a constrained reco nstruction of the local super¬ 
cluster. IKarachentsev et aP (l2014li studied the infall pattern of 
tracers with good distance estimates from the HST observations, 
and find a mass of 8 x 10'"' M© inside a radius of 7.2 Mpc which 
they estimate to be the turn-around radius at the current epoch. 
The fair agreement of the different methods shows that the spher¬ 
ical infall models provide an excellent first estimate of the fate 
of such a supercluster. 


Based on th e compilati o n of p e culiar veloc i ties of galaxies out 
to z=0.1 in ITullv et ^ (l2013l) . ITullv et ^ (1201 4l) presented a 
n ew supercluster, w hich they call Laniakea. We refer the readers 
to lTullv et al.l (1201 3l) for the detailed methodology, but in essence 
they rely on the absolute distance measures estimated from six 
methods including the Tully-Fisher relation to calculate peculiar 
velocities of galaxies within 400 /z^'Mpc, where the coverage is 
sparse beyond 100 /z 'Mpc. In total they report distance mea¬ 
sures for more than 8000 galaxies in the whole survey region. To 
reconstruct the underlying velocity f ield, they used the Wiener 
filter algorithm (IZaroubi et al.lll9^ . They conclude from the 
reconstructed velocity field that there is a coherent flow within a 
sphere of radius, 80 /z 'Mpc, which contains an estimated mass 
of lO'^/z 'M©, and they define this region as a supercluster. Their 
mass estimate implies that the ratio of Laniakea density to the 
mean density is about 0.94. Thus Laniakea does not even consti¬ 
tute a region with a significant overdensity and does not fulfil our 
criteria in Table lA.fl for a supercluster. As a result, Laniakea is 
far from being a bound system, and as a whole, it will disperse in 
the future, while only several dense regions will collapse within. 

We can also look at Laniakea from another point of view 
by applying the peculiar velocity argument. If Laniakea was a 
bound structure with a radius of 80 /z 'Mpc, we would esti¬ 
mate the required infall velocity at the boundary to be about 
5700 km s ' based on the local Hubble parameter estimate given 
in Table IATTI for future collapse. However, typical peculiar ve¬ 
locities in their catalogue hardly exceed 500-700 kms"' in the 
survey. This emphasises again that Laniakea as a whole is not a 
bound structure. 


We also note that their value of the Hubble constant obtained 
by minimising the velocity monopole is 75.2+3.0 km s“' Mpc^'. 
Th ere are also othe r local measurements of Hq, notably 
by iRiess et ^ (1201 Ih based on 253 Type la supernovae data 
from the HST and by iFreedman et al.l (1201 2l) based on an ad¬ 
ditional mid-infrared observation of Cepheids. The former gives 
Ho of 74.8+3.1, and the latter 74.3+2.1 kms^' Mpc^', both with 
less than 3% uncertainty. Within their respective erro rs, the three 
measu rements agree, which is also pointed out by iTullv et ^ 
(l2014l) . It is interesting to compare these values to Hq mea¬ 
sured by the CMB experiments, WMAP, and Planck, where Hq 
is more sensi tive to very large sc ales. The best-fit Hq values 
^e 70.0+2.2 dH ins haw et alJ 2013ll and 68.0+1.4 kms^' Mpc ' 
dPlanck Collaboration et al.|l2014 ), so local measurements of Hq 
are always greater than those from the CMB measurements, 
although they would agree within their respectiv e current Icr 
uncert ainty. With this it is interesting to note that iTurner et al.l 
d 19921) pointed out that a locally underdense Universe would 
yield a Hubble con stant larger than the c osmic mean. In ref¬ 
erence to our work (IBohringer et alJl2014l) . we find a local re¬ 
gion within a radius of 170 /z 'Mpc in the southern sky, which 
is under-dense by ^20% with respect to the mean density re¬ 
sulting from the cluster number density that is under-dense by 
40% with a cluster bias of about two. Since the REFLEX sur¬ 
vey has a high completeness up to a redshift of z ~0.3, we have 
a good handle for tracing the matter density out to a very large 
radius, containing the volume of Laniakea. The amplitude of the 
local under-density traced by REFLEX II of ^20%, which im¬ 
plies that the locally measured Hq would be 3+1.5% more than 
for the c osmic one. It there fore indicates that the Hq value ob¬ 
tained bv lTullv et al.l (l2014l) is consistent with the case where Hq 
is measured in an under-dense region. 
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3.3. Shapley supercluster 

The Shapley supercluster is known to have the highest con¬ 
centration of galaxies in the nearby Universe, at a red shift 
around 0.046 (iScaramella et alJH989HRavchaudhurvlll989t) . X- 
ra y emission in the central region of Shapley was first mapped 
by iKull & Bohringed (Il999h . and it even traces the intra-cluster 
gas. We also report three X-ray superclusters in the area 
of the Shapley supercluster, constructed with a cluster over- 
densit y parameter, f=1 0, from the REFLEX II cluster cata¬ 
logue dChon et al.ll2013h . Here, / is related to the density ratio R 
by, f - {R - l)/tcL + 1 where bcL is a cluster bias factor. Eyen 
with a generous choice of /= 10, this already indicates that Shap¬ 
ley will be broken into smaller concentrations of matter, rather 
than collapsing into one large object. To get deeper insight, we 
calculated density ratios with data taken from the literature and 
fro m our X-ray work describ ed below. 

iReisenegger et al.l (l2000l) used yelocity caustics from 3000 
galaxies to define a central region of Shapley and estimated 
the upper bound mass in a spherical radius of 8 /i 'Mpc to 
be 1.3xl0*^/7~*Mn. In this case the density ratio, R, is 20.7. 
[Ragone et alJ (l2006l) established a mass function of about 180 
systems with redshifts in the Shapley region and giye a lower 
mass limit of l.lxlO'^/z^'Mowithin the same yolume as aboye. 
In this case, R is about 17.5. Both results indicate that the cen¬ 
tral 8/j“^Mpc of the Shapley supercluster is likely to collapse 
into a more massiye system. In fact, the density ratios are higher 
than required for a turn-around, which now implies that the yery 
central region of Shapley supercluster has already started to col¬ 
lapse. To eyaluate the total mass of Shapley with the REFLEX II 
clusters, we also considered the total cluster mass as a function 
of a radius for the same yolume. We conyerted the total cluster 
mass to the total supercluster mass by adopting a s caling rela¬ 
tion fo und with cosmological N-body simulations in IChon et alJ 
( |2014|) . We find that the required density ratio for collapse is sat¬ 
isfied out to about 12.4 /; 'Mpc. The deriyed total mass of Shap¬ 
ley within this distance is 1.34 x 10'® In fact, the turn¬ 

around density ratio is already reached at 11.1 /i *Mpc, which is 
consistent with the density ratios estimated from preyious work. 
We also note that the filamen tary X-ray emission shown in Fig. 
2 of iKull & Bohring'eil (1 19991) coincides with the core of an al¬ 
ready collapsing part of Shapley. The estimates of the density 
ratios of Shapley therefore proyide a consistent picture that the 
central 11 /i 'Mpc is undergoing a collapse meaning that only a 
central part of Shapley supercluster will form a supercluster in 
the future eyen if the outskirts of Shapley are also rich in clusters. 

4. Discussion and summary 

In this paper we haye emphasised the need for a clearer, more 
physically motiyated definition of superclusters. We haye shown 
that defining superstes-clusters as those objects that will collapse 
in the future leads to a conseryatiye selection criterion that does 
not accept all objects that haye been called superclusters in the 
literature, but it leads to a more homogeneous class of objects as 
seen in our preyious work on supercluster construction. 

Our superstes-cluster definition is also interesting for another 
reason. With this definition, we are selecting the most massiye 
yirialised objects that will form in the future. In Fig. lA.ll we 
can, for example, identify the most massiye structure in the Mil¬ 
lennium simulation that will form a yirialised dark matter halo 
in the future with the uppermost point in the plot. It has a col¬ 
lapse radius, r^, of 17.3 /; 'Mpc and a corresponding mass of 
1.94xlO'®Mo. This can be compared to the collapsing fraction 


of the Shapley supercluster estimated in Sec. 3.3, which is quite 
comparable. Shapley is the highest mass concentration found in 
the nearby Uniyerse in a yolume that is quite similar to that of 
the Millennium simulation. 

We find it yery encouraging that similar mass estimates are 
obtained for the most massiye structure in the obseryation and 
and in the simulation with our criteria for selecting superclus¬ 
ters. We haye been applying this criterion in the construction 
of superstes-clusters using a fof algorithm with a linking length 
tuned to select oyerdense region s that are close to collapse in 
the future. In our preyious study (IChon et al.ll2014l) we found a 
close correspondence of the results of this method with the de¬ 
sired oyerdensity. It is, howeyer, not one-to-one, and in particu¬ 
lar, we find outliers for yery large supercluster sizes, which are 
selected by the fof algorithm but do not reach the oyerdensity 
threshold. In these extreme cases, superclusters appear as rather 
elongated filements, and the region that is bound to collapse is 
oyerestimated by the fof-based method. 

We studied the application of our definition to the Local su¬ 
percluster and Shapley supercluster, as well as Laniakea. We find 
that the first two superclusters will collapse in the central regions 
while their outskirts are not grayitationally bound. For Laniakea, 
we find that this structure does not constitute a region with a 
significant oyerdensity and thus it cannot c ollapse as a whole . 
While the yelocity structure described by iTully et ^ d2014l) 
highlights an impressiyely large structure in the local Uniyerse, 
we feel that its labelling as a supercluster is not appropriate 
giyen that the reg ion is not eyen oyerdense. It is interesting that 
iTully et ^ (120141) and other suryeys find a local Hubble parame¬ 
ter in this region that tends to be high er than the Hubble parame¬ 
ter m e asured on a more glob al scale (iPlanck Collaboration et al.l 
IMl iHinshaw et aP l20ll . This can be taken as an indica¬ 
tion that this region in the local Uniyerse may be rather under- 
dense. This conclusion is supported by our recent studies with 
X-r ay galaxy clusters and stu dies of the galaxy d i stribut ion 
(see lBOhringer et ^ (l2014l) and lWhitbourn & ShanksI (120141) '). 
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Appendix A: Appendix 


Table A.l. Present-epoch parameters characterising marginally collaps¬ 
ing objects in comparison to those at turn-around for various cosmolog¬ 
ical models. See text for an explanation of the listed parameters. 


label 


h 

R 

future collapse 

Hov 

A, 

R 

at turn-around 

A, 

- 

0.24 

0.7 

9.811 

17.60 

1.36 

14.31 

2.43 

- 

0.27 

0.7 

8.732 

19.09 

1.36 

13.12 

2.54 

- 

0.30 

0.7 

7.858 

20.55 

1.36 

12.15 

2.65 

- 

0.33 

0.7 

7.134 

22.00 

1.35 

11.35 

2.75 

WMAP 

0.288 

0.697 

8.188 

19.89 

1.36 

12.52 

2.60 

PLANCK* 

0.318 

0.670 

7.409 

20.50 

1.36 

11.66 

2.71 

- 

0.27 

0.60 

8.732 

16.36 

1.36 

13.12 

2.54 

EdS 

1.0 

0.7 

- 

- 

- 

5.54 

4.54 

Open 

0.3 

0.7 

2.87 

52.70 


12.48 



Notes. Best fit for the combined model in iHinshaw et alJ 

S **' Best fit for PLANCK and WMAP polarisation 
^nck Collaboration et al.ll20l4) 



Fig. A.l. Comparison of the two radii that define the collapsing region 
of a supercluster, r^ is determined by the required density ratio criteria, 
and r, by the infall velocity criteria. The dashed line indicates the one- 
to-one line. 













